Rapid cryofixation of cells cultured on coverslips without the use of chemical fixatives has proved advantageous for the immunolocalization of antigens by electron microscopy. Here, we demonstrate the application of sapphire-attached tissue culture cells (PtK2 epithelial cells and mouse myoblasts) to metal-mirror impact freezing. The potential of the Leica EM-CPC cryoworkstation for routine freezing and for safe transfer of the cryofrozen samples into a sapphire disc magazine for freeze-substitution (SD-FS unit) has been exploited. Subsequently, the SD-FS unit has been tested for its use in methanol freeze-substitution and low temperature embedding for immunoelectron microscopy. The structural preservation of Lowicryl HM20-embedded cells has been assessed as being free of damage by large ice crystals.
Introduction
For immunoelectron microscopy, epitopes have to be maintained for recognition by antibodies within a reasonably preserved ultrastructure. Strategies applicable to tissue culture cells grown on coverslips comprise freezing of cells by various techniques, subsequent freeze-substitution and embedding in acrylic resin (for review see Schwarz et al ., 1993; Skepper, 2000) . For some applications, chemical fixation of the cells prior to freezing at relatively low freezing rates could be an acceptable compromise (Farrant et al ., 1977; Oprins et al ., 1994; Holland et al ., 1998) . However, to avoid a possible decrease in the antigenicity and a redistribution of cellular constituents, rapid freezing without prior chemical fixation is the method of choice. Unfortunately, freezing at ambient pressure causes excessive damage by ice crystals in the bulk of tissue samples. Therefore, high-pressure freezing (HPF) has been established, which vitrifies the outer region of bulky samples, while the remaining tissue can be frozen free of observable ice damage (Moor, 1987) . So far, HPF has not been applied for cells attached to coverslips, because they do not fit into sample holders of certain shapes and dimensions well enough for optimal performance (Shimoni & Müller, 1998) .
Recently, for cells grown on sapphire coverslips rapid plunge freezing in a secondary cryogen has been employed (Tse et al ., 1997; Neuhaus et al ., 1998; Wild et al ., 2001) . Sapphire has been chosen as a substratum for cell growth because of its extremely high heat conductivity rate for freezing (Neuhaus et al ., 1998) . Here, we demonstrate the application of sapphireattached tissue culture cells for metal mirror-impact freezing in comparison to plunge freezing in propane. A novel Leica product, the sapphire disc magazine for freeze-substitution (SD-FS unit), has been used for collection of cryofixed coverslips, transfer and exchange of media in the automatic freezesubstitution unit (EM-AFS).
Materials and methods

Tissue culture
Rat kangaroo PtK2 cells (CCL 56, ATCC, Rockville, MD, USA) and p53-deficient mouse myoblasts (derived from limbs of newborn mice) were grown attached to sapphire coverslips of 50 µ m thickness and 3 mm diameter (Bruegger Rudolf SA, Switzerland, www.rudolfbrugger.com; Leica Microsystems, Austria, Cat. no. 70 27 66) . The coverslips were placed in plastic dishes and maintained in DMEM or Ham's F10 supplemented with 10% or 20% heat-inactivated fetal calf serum and 2.5 ng mL − 1 bovine fibroblast growth factor (bFGF), respectively. Both cell lines were incubated at 37 ° C and 5% CO 2 . Before plating the cells, the coverslips were washed in 70% ethanol and incubated with serum-free 
Immersion cryofixation
The EM-CPC cryoworkstation (Leica Microsystems) was configured for bare grid injection into propane (grade 2.5). Liquid propane was maintained at − 175 ° C. Sapphire coverslips were placed into the guillotine-like mechanical injector that holds self-closing fine tweezers (Dumont N5), lightly blotted with filter paper and plunged into the cryogen. To load the sapphire disc magazine for freeze substitution (SD-FS unit, Leica Microsystems), the tweezers were detached from the injector and the coverslips were released into the SD-FS unit, with all their cell monolayers facing in the same direction. To ensure that the transfer occurs at temperatures that do not support recrystallization, the SD-FS unit was placed inside the cryochamber and cooled to chamber temperature ( − 150 ° C).
Metal mirror-impact cryofixation
The EM-CPC cryoworkstation was configured to take the proven MM80 metal mirror freezing system. The gold-plated copper blocks were maintained at − 196 ° C. The back of the sapphire coverslips was blotted and the coverslips with cells on top were attached to a plate of Thermanox by a small drop of medium (3 µ L). The sandwich, consisting of the sample on Thermanox, separated from a metal plate by a cushion of foam rubber, was slightly blotted at the edges of the coverslips by filter paper and subsequently attached to the plunger with the cell layers facing down. Plunging to the surface of the metallic cryoblock was done at medium speed (position 5) and minimal secondary impact pressure (position 1). While still inside the cryochamber, the frozen coverslips were detached from the sample holder and transferred into the SD-FS unit as described above. Because minimal amounts of water were used as adhesive, the coverslips could be detached easily by slight pressure with pre-cooled forceps to their edges. During these operations, the cryochamber was kept at a temperature of − 185 ° C.
Freeze-substitution and Lowicryl embedding
The SD-FS unit loaded with frozen samples was transferred to the automatic freeze-substitution unit EM-AFS (Leica Microsytems). Freeze-substitution in uranyl acetate-methanol has been described elsewhere (Monaghan & Robertson, 1990; Neuhaus et al ., 1998) . For our application in immunoelectron microscopy, the addition of uranyl acetate was limited to 0.5%. The level of the substitution medium in the SD-FS unit was slowly raised by pipetting the pre-cooled substitution medium through a hole for media exchange in the centre of the SD-FS unit (Fig. 1) . Frozen samples were freeze-substituted for 12 h at − 88 ° C. Afterwards the temperature was raised to − 40 ° C at a rate of 6 ° C h − 1 . Over a period of 1 h, the samples were washed three times in pre-cooled pure methanol. Subsequently, while still in the SD-FS unit, samples were infiltrated with Lowicryl HM-20 (Polysciences, Eppelheim, Germany). Infiltration was performed with methanol/HM-20 2 : 1, 1 : 1, 1 : 2 for 1 h each, and with pure HM-20 for 3 h. The coverslips with the cell monolayer facing up were then placed in lids of 1.5 mL Eppendorf tubes filled with Lowicryl. To form a vessel for polymerization, Eppendorf tubes with their bottoms cut away were pressed upside down to their lids and filled with resin. To prevent spilling of resin and to achieve indirect illumination, the Eppendorf tubes were fitted to spider covers (Leica Microsystems), which were held during polymerization by a stem holder. Alternatively, small holes in the bottom of the Eppendorf tubes allow them to be filled with resin using a syringe. The resin was polymerized at − 40 ° C under UV light for 24 h and subsequently warmed to room temperature. After curing for 6 h at daylight, the sapphire coverslips were separated from the resin blocks with the help of liquid nitrogen. Sections of about 80 nm thickness were cut horizontally to the plane of the cell monolayer using an ultramicrotome (Ultracut S, Reichert, Vienna, Austria) and mounted onto formvar-coated nickel grids. Immunogold labelling with monoclonal antibody 10F6 to plectin was performed as described previously (Reipert et al ., 1999) . Sections were counterstained with uranyl acetate and lead citrate and viewed at 80 kV in a JEM-1210 (Jeol Ltd, Tokyo, Japan) electron microscope.
Results and discussion
Because sapphire coverslips are not used routinely for cell culture, the growth of PtK2 ephitelial cells and mouse myoblasts on sapphire were compared with their growth on Petri dishes and glass coverslips. As confirmed by light microscopy, the culture of both cell types on sapphire coverslips did not alter their morphological phenotype.
To ensure freezing of the cells in a state closely related to tissue culture conditions, the time between the removal of the sapphire coverslips from the Petri dish and the rapid freezing of the cells was kept as short as possible. For both techniques, plunge freezing and impact freezing, the time period needed between the withdrawal of the excessive medium from the coverslip and the release of the injector was less than 1 s. Variations in the degree of wetting over the area of the coverslip led to variations in the quality of freezing of individual cells by both methods. Regions displaying excessive growth of ice crystals could be observed regularly in the plunge-frozen samples. It is likely to be related to incomplete blotting in the contact region of the coverslip with the tweezers.
For convenient handling of the coverslips, it is an advantage that the SD-FS unit (Fig. 1) fits well into the cryochamber. During transfer, attention has to be paid to keeping the coverslip inside the sufficiently cooled chamber. For metal mirrorimpact freezing, the detachment of the sapphire coverslip from the sample holder while still in the cryochamber of the EM-CPC workstation, avoids the transfer to a liquid nitrogen bath and the risk of losing the sample. Providing that the amount of adhesive is low (3 µ L medium), all coverslips keep their orientation during their detachment from the sample holder sandwich. Moreover, a low amount of adhesive frozen at the back of the coverslip is a precondition for easy fitting of the sapphire discs into the slots of the SD-FS unit.
The SD-FS unit was transferred to the freeze-substitution unit (EM-AFS) next to the EM-CPC cryoworkstation. Alternatively, the run of short freeze-substitution programs could be done in the EM-CPC itself. For the time needed to replace the cryofixation inserts by the substitution system, the SD-FS unit has to be stored in the gaseous phase of a liquid nitrogen tank. Regardless of which equipment is used, the SD-FS unit has to be allowed to warm up to the programmed substitution temperature before filling with the substitution medium. Otherwise freezing of the substitution medium during filling leads to clogging of the inlet. Although the filling could be continued after warming of the SD-FS unit, the release of gaseous bubbles may lead to the coverslips lifting from their slots. For the same reason, vigorous pipetting during media exchange via the inlet in the centre of the SD-FD unit should be avoided.
Assessment of plunge freezing in propane
Similar to plunge freezing experiments in liquid ethane by Neuhaus et al . (1998) , the temperature of the propane, was held at − 175 ° C. However, for our applications, the coverslips were not injected under a certain tilt angle, to increase the heat exchange as suggested by Neuhaus et al . (1998) . Our results show that the success of plunge freezing, at least for thinner epithelial cells, grown on sapphire coverslips, does not depend on ethane as a cryogen. The fine structure of the PtK2 cells, e.g. nuclei, nucleoli and mitochondria, appears to be preserved up to an extent, which is likely to be determined by slight microcrystalline ice growth and a certain degree of extraction. Similar observations could be made for the ultrastructure of ethane-frozen, methanol-freeze-substituted, HM-20 embedded Dictyostelium discoideum cells (see Neuhaus et al ., 1998) .
Assessment of metal mirror-impact freezing
For PtK2 epithelial cells and mouse myoblasts on sapphire (Figs 2 and 3) , metal mirror-impact freezing is an adequate freezing technique. Despite the speed of plunging, the thickness of the sapphire (50 µ m) does not lead to the breakage of the coverslip. The potential problem of mechanical compression of the cells during impact with the metal mirror has been considered by using a foam rubber cushion and by setting the secondary impact pressure of the MM80-injector at its minimum (Bennett, 1998) . No apparent flattening of the impact-frozen cells in comparison to plunge-frozen cells was Neuhaus et al ., 1998) , mitochondria are surrounded by a white halo. Apparently, this artefact does not impede the association of the mitochondria with cytoskeletal fibres (Fig. 5) . In contrast to the PtK2 cells, mouse myoblasts display a denser cytoplasm and less contrast between heterochromatin and euchromatin inside the nucleus (compare Figs 2 and 3) . Therefore, extraction by the freeze substitution medium (methanol) and by the embedding resin (Lowicryl HM-20) appears to be reduced in myoblasts compared to PtK2 cells.
However, blistering of the nuclear membrane, typical for conventional Lowicryl embeddings, could be observed occasionally at myoblast nuclei (Fig. 3) .
By post-embedding immunogold-labelling, we found that the cytoskeletal linker protein, plectin, was associated with mitochondria in PtK2 cells (Fig. 5) . Recently, an association of plectin and desmin intermediate filaments with mitochondria has been observed in rat striated muscle tissue (Reipert et al ., 1999) . With the cryo-techniques demonstrated here, we have a new tool to elucidate a possible role of plectin in mitochondrial functions.
The application of sapphire coverslip tissue culture to metal mirror-impact freezing is an alternative for electron microscopy laboratories, which prefer this technique to plunge freezing in secondary cryogens. We favour the use of sapphire for various processing steps from tissue cell culture to the embedding of monolayers for electron microscopy for a number of reasons: 1 The smooth and inert surface of sapphire provides good conditions for cell culture. It is worth considering where plastic substrates fail to support cell growth. 2 Sapphires are available as extremely thin, but nevertheless mechanically stable, materials. This is important not only for impact freezing, but for all handling procedures during the processing. 3 Sapphire discs are produced in very small diameters, which allows economic use of solvents and embedding material. This effect is fully exploited by using the SD-FS unit. 4 Sapphires allow fluorescence microscopic studies prior to freezing and embedding. 5 The UV transparency of sapphire supports the polymerization conditions of Lowicryl under indirect UV light. 6 Sapphire discs can easily be separated from the polymerized resin block, without fragmentation into fine pieces, which could jeopardize the diamond knife. 7 Sapphire has good temperature conductivity. 8 Under liquid nitrogen, sapphire discs are not as sticky to metallic tweezers as Thermanox coverslips. Hence, it is much easier to preserve the orientation of the cell face during manual transfer. The easy handling of cell monolayers on sapphire discs described here might encourage routine studies of dynamic processes in relatively flat cells, e.g. epithelial cells and myoblasts at electron microscopic level.
